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EXECUTIVE SUMMARY 

Rare-earth ions are useful for the implementation of quantum memory. In particular, the energy 

levels and magnetic/spin properties of select ions may enable storage of quantum states. Also, the 

optical activity may enable optical read-out techniques and optical transmission of qubit states. In 

addition, the energy levels of ions can be used for designing superconducting qubits where the ionic 

configuration tunes the Hamiltonian for quantum computing. In the more near term, ions embedded 

in superconductor heterostructure can be used to implement cryogenic memory for superconducting 

digital computing. Our concept involves embedding rare-earth ions in superconductor devices to 

provide a low dissipation environment and access to the systems Hamiltonian. 

In this report we show results and success in integrating rare-earth neodymium by ion implantation 

in thin films of niobium and niobium-based heterostructure devices. We model the ion implantation 

process and confirm the concentration of the nedoymium in niobium by energy dispersive X-ray 

(EDX) spectroscopy in a scanning electron microscope (SEM). We study the effect of optical 

illumination and magnetic stimulus on the transport of the devices at room temperature, as it is 

important to understand the films and devices so they can properly designed and optimized for utility 

as quantum memory. We find that the magnetic field has a strong effect on the response. We also 

find that the selectivity in the optical effect when using a broadband halogen lamp in comparison to a 

light emitting diode (LED) with selectivity in the excitation wavelength, reinforces the role of the 

magnetic and optically active Nd rare-earth ions on the device response. 
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1. INTRODUCTION 

Rare-earth ions are useful for the implementation of quantum memory. This technical report presents 

results of rare-earth neodymium in superconductor films, as it is a potential platform for implantation of 

quantum memory. Rare-earth ions are useful for the implementation of quantum memory. We recently 

proposed a novel concept where we use rare-earth ions embedded in thin superconductor films and 

devices. Rare-earths in oxides have demonstrated relatively long-lasting quantum memory based on 

several approaches 

In particular the energy levels and magnetic/spin properties of select species may enable storage of 

quantum states. Also, the optical activity may enable optical read-out techniques and optical 

transmission of qubit states. In addition, the energy levels of ions can be used for designing 

superconducting qubits where the ionic configuration tunes the Hamiltonian for quantum computing. In 

the more near term, ions embedded in superconductor heterostructure can be used to implement 

cryogenic memory for superconducting digital computing. 

2. EXPERIMENT 

2.1 SAMPLE PREPERATION 

Niobium was DC sputtered on Si wafers at 200 W in the presence of Ar. The film thickness was  

50 nm. Heterostructure devices were constructed with these configurations, Nb-AlOx-HfOx-AlOx-Nb 

and Nb-AlOx-HfOx-CrO-AlOx-Nb, with details discussed in [1–2]. The HfOx-only devices were 

implanted with neodymium. We measure the I-V characteristics at low magnetic field and without 

broadband Halogen lamp input and an LED selective to 810–850 nm. 

2.2 ION IMPLANTATION SIMULATIONS 

We use ion implantation as the method of incorporating neodymium in niobium. We made 

simulations of the ion implantation process using the SUSPRE tool (Figure 1). Our experiment includes 

several implantation energies and dose to embed neodymium as shown in Figure 2 at different depths, 

in the top electrode as well as through the barrier between superconductor electrodes. We also 

implanted control niobium films. The implantations suggest that dose has an effect on the degree of 

disorder. For 1e13, dose disorder is estimated at less than 20%, whereas with 1e14 at 100%. Ion 

implants were made by Innovion Inc. with the split of energies and doses. Figure 3 shows the relevant 

energy levels of neodymium, as well as how these levels are influenced by the superconductor 

heterostructure device as described in [1–2]. Also shown in Figure 3 are calculations of the dependency 

of the quantum memory entanglement distance as a function of the quantum memory storage time. 

Table 1 compares several viable quantum memory technologies and the estimated performance of our 

ionic:superconductor technology 
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Figure 1. Ion implantation simulations of neodymium in thin films of niobium. Simulations are made 
at low 10

13
cm

-2
 and high 10

14
 cm

-2
 dose at 60 keV. At high dose, disorder induced is significantly 

greater and may favor different final arrangement of the ions in the host crystal. 
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Figure 2. Schematic illustrating the possible arrangements of ions in device hetero-structures, 
where depending on the implantation energy, the depth penetration of the ions can be controlled. 

 

Figure 3. (a) Energy level diagram of nedoymium ions showing the excitation and emission 
wavelengths of known transitions; (b) energy levels when operated in a superconducting device;  
(c) correlation between entanglement distance and efficiency and storage time of the quantum 
memories. 
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Table 1. Comparison of quantum memory technologies and rare-earth ion in superconductor. 

Quantum Memory 
Technology 

Storage/ 
Coherence Time 

Fidelity Bandwidth Scalability 

     
This Work Proposed 
Ionic:Superconductor 

> 1 hour >99.99 % >100 Ghz <10 nm 

     Semiconductor >1 ms >98% >1 MHz <20 nm 

     Atoms/Ions in gas > 100 seconds >99.9% > 10 MHz >100 nm 

     Quantum Dots and 
Nanotechnology 

> 1 milli-second >99% >100 MHz <5 nm 

2.3 EDX Spectra 

To prove that we have integrated the nedoymium, we examine a thin film sample by EDX 

spectroscopy in an SEM. The instruments extracted the presence of niobium, nedoymium, silicon 

and oxygen, which is consistent with the niobium-on-silicon wafer. The instrument detected 1 to  

3 % of nedoymium, as shown in the survey scan in Figure 4 and the images in Figure 5, where the 

bright red spots correspond to detection of the unique signature of neodymium. 
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Figure 4. EDX spectra with low- and high-dose implant with the detection of Nb and Nd species.  
Nd concentration is ~1–3% concentration. 
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Figure 5. Two-dimensional EDX images of detection of niobium (left) and red bright spots – 
neodymium (right).   

2.3 Optoelectronic Measurements 

Figure 6 shows the room temperature probe station arrangement with the chip on the chuck on the 

probe tips and the fiber input for Halogen lamp illumination. Figures 7–9 show measured current 

voltage (I-V) characteristics in forward and reverse, with Halogen lamp input demonstrating the impact 

of optical excitation on the room temperature transport. 

 
Figure 6. Image of device under test showing electrical probes and fiber input for Halogen lamp and 
photograph of SSC Pacific mini probe station for room temperature measurements, showing the chip 
on the sample plate and the electrical probes as well as the optical halogen input. 
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Figure 7. Heterostructure memory hysteresis loops before/after turning on light source. When the 
halogen light is turned on at low intensity, we see only slight reduction in the memory window, i.e.,  
a reduction in the operational voltage. 

 

 

 
Figure 8. Forward and reverse sweeps without magnetic field. The use of broadband (medium 
intensity) Halogen illumination clearly modified the transport resulting in a reduced memory window 
and increase in the asymmetry. 
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Figure 9. At higher intensity Halogen light input, the memory window almost disappears. 

2.4 Magnetic Field Effects 

As neodymium is expected to be responsive to magnetic field, we also measured the devices with an 

applied magnetic field of ~3 milli-Tesla. We find that without illumination, the magnetic field alone 

results in a significant reduction of the total hysteresis. We experimented with both Halogen and 

selective optical illumination using an 810-nm LED that is near the expected optical activity of the 

neodymium. We find the majority of the electronic effect can be observed with the LED alone 

buttressing the role of the neodymium ions in the optical response, as shown in Figures 10–11. 

 

Figure 10. Hysteresis loops under magnetic field (3 mT) with Halogen lamp and comparing with 
wavelength-selective LED. 
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Figure 11. Hysteresis loops under magnetic field with Halogen lamp and comparing with wavelength-
selective LED. 
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3. SUMMARY 

In summary, we integrated rare-earth neodymium ions in thin films of niobium and niobium hetero-

structures. Ions were integrated by implantation with simulations made to extract the profile. EDX 

spectra confirms a 1 to 3 % composition. We examined niobium heterostructure device response with 

optical illumination and magnetic field to examine the effects on transport. 

 

 

 



11 
 

BIBLIOGRAPHY 

O.M. Nayfeh, K. Simonsen, D. Rees, S. Naderi, A. L. de Escobar, S. Dinh, F. Escobar, B. Taylor,  

M. de Andrade, S. Berggren, P. Swanson, and Bruce Offord. 2016. “Nonvolatile and Cryogenic 

Compatible Quantum Memory Devices” Technical Report 3016. Space and Naval Warfare Systems 

Center Pacific (SSC Pacific), San Diego, CA, 

C. Newton, J. Bennett, S. Dinh, B. Higa, H. Dyckman, T. Emery, F. Escobar, A. Kevorkian,  

J, Ptasinski, A. L. deEscobar, M, Flemon, D, Rees, K, Simonsen; Osama M. Nayfeh, 

“Superconductor-Ionic Quantum Memory Devices,” 2016 IEEE Device Research Conference 

Digest (pp. 1–2). June 19–22, University of Delaware, Newark, DE. 

http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Juan%20Bennett.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Son%20Dinh.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Brian%20Higa.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Howard%20L.%20Dyckman.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Teresa%20Emery.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Fernando%20Escobar.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Aram%20Kevorkian.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Joanna%20Ptasinski.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Anna%20Leese%20deEscobar.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Mark%20Flemon.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Dave%20Rees.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Kenneth%20Simonsen.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Osama%20M.%20Nayfeh.QT.&newsearch=true


5f. WORK UNIT NUMBER 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-01-0188 
The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and 
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including 
suggestions for reducing the burden to Department of Defense, Washington Headquarters Services Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, 
Suite 1204, Arlington VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of 
information if it does not display a currently valid OMB control number.

 PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED  (From - To)

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

5d. PROJECT NUMBER 

5e. TASK NUMBER 

6. AUTHORS

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION 
REPORT NUMBER

10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

12. DISTRIBUTION/AVAILABILITY STATEMENT

13. SUPPLEMENTARY NOTES

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 
a. REPORT b. ABSTRACT c. THIS PAGE

17. LIMITATION OF
ABSTRACT

18. NUMBER
OF
PAGES

19a. NAME OF RESPONSIBLE PERSON 

19B. TELEPHONE NUMBER (Include area code) 

Standard Form 298 (Rev. 8/98) 
Prescribed by ANSI Std. Z39.18 

September 2016 Final 

Rare-Earth Ions in Niobium-based Devices as a Quantum Memory Magneto-Optical 
Effects on Room Temperature Electrical Transport 

 

Vincent Dinh           Lance Lerum 
B. Liu          NREIP 
S. Rees 
Kenneth Simonsen 
Osama Nayfeh       
SSC Pacific        

 

 

SSC Pacific 
53560 Hull Street 
San Diego, CA 92152–5001 

 

TR 3050 

SSC Pacific 
In-house Laboratory Initiative for Research 
53560 Hull Street 
San Diego, CA 92152–5001 

 

Approved for public release. 

This is a work of the United States Government and therefore is not copyrighted. This work may be copied and disseminated 
without restriction. 

Rare-earth ions are useful for the implementation of quantum memory. In particular, the energy levels and magnetic/spin properties of select ions may enable 
storage of quantum states. Also, the optical activity may enable optical read-out techniques and optical transmission of qubit states. In addition, the energy levels of 
ions can be used for designing superconducting qubits where the ionic configuration tunes the Hamiltonian for quantum computing. In the more near term, ions 
embedded in superconductor heterostructure can be used to implement cryogenic memory for superconducting digital computing. Our concept involves embedding 
rare-earth ions in superconductor devices to provide a low dissipation environment and access to the systems Hamiltonian. 

In this report we show results and success in integrating rare-earth neodymium by ion implantation in thin films of niobium and niobium-based heterostructure 
devices. We model the ion implantation process and confirm the concentration of the neodymium in niobium by energy dispersive X-ray (EDX) spectroscopy in 
a scanning electron microscope (SEM). We study the effect of optical illumination and magnetic stimulus on the transport of the devices at room temperature, as 
it is important to understand the films and devices so they can properly designed and optimized for utility as quantum memory. We find that the magnetic field 
has a strong effect on the response. We also find that the selectivity in the optical effect when using a broadband halogen lamp in comparison to a light emitting 
diode (LED) with selectivity in the excitation wavelength, reinforces the role of the magnetic and optically active Nd rare-earth ions on the device response. 

 
rare-earth ions; quantum memory; optical read-out techniques; optical transmission of qubit states; superconducting quibit design; 
cryogenic memory implementation;  thin films of niobium and niobium-based heterostructure; energy dispersive X-ray 
spectroscopy; device transport at room temperature; 

  Osama Nayfeh 
 

U U U U 18 (619) 553-2770 



INITIAL DISTRIBUTION 
84300 Library (1) 
85300 Archive/Stock (1) 
52260 V. Dinh (1) 
52300 K. Simonsen (1)  
71730 B. Liu (1) 
71730 O. Nayfeh  (1) 
72120 D. Rees (1) 
 

Defense Technical Information Center 
Fort Belvoir, VA 22060–6218 (1) 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Approved for public release. 
 
 
 
 
 

  

 
 
 

SSC Pacific 
San Diego, CA 92152-5001 




